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Abstract 
 
Evolution of wireless communication systems towards high flexibility, low 
cost and high efficiency leads to tremendous activity in the area of microwave 
filters. In an RF front-end of a cellular radio base station, signals are being 
transmitted and received simultaneously. In the receive band, there are chances 
of intermodulation products from the power amplifier being fed to the receiver, 
thus the transmit filter must have a very high level of signal rejection. 
Furthermore, the transmit filter must also have low passband insertion loss since 
it impacts the power transmitted and the overall transmit system efficiency. 
Recently, filters with dual-mode operation were being investigated due to their 
ability to produce two degenerate modes using a single physical structure; 
therefore, the size and cost of the filter can be reduced without compromising 
any figure-of-merits.  
A dual mode suspended substrate stripline filter is presented in this thesis. 
These filters enable achieving low insertion loss, high Q, high selectivity and 
good spurious response.  Initially, a dual mode ring resonator structure is 
investigated using suspended substrate stripline technology. This technology is 
used due to its advantages which are comparable to microstrip or any other 
planar transmission lines. The HFSS three dimensional finite element method 
(FEM) is used to evaluate the resonant frequency, quality factor and the first 
harmonics.  
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A second order suspended substrate stripline filter was designed with 
capacitive coupled input and output feeding method. The input and output feed 
were positioned 90 degree from each other while a notch was used in this filter 
to couple two degenerate modes which also control the bandwidth of the filter. A 
high performance Generalized Chebychev filter was designed to meet the 
stringent electrical requirement in the RF front-end of a cellular radio base 
station. With this fourth order filter, four finite frequency transmission zeros were 
achieved due to phase cancellation between two paths which results in high 
selectivity filter response. Metal tuning screws were added to improve any 
practical imperfections. Finally an asymmetrical Generalized Chebychev filter 
was designed with real frequency transmission zeros positioned on one side of 
the passband. With this design, the aim of achieving higher selectivity filter 
response above the passband was demonstrated.
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Chapter 1 Introduction 
 
1.1 Introduction to Microwave Filters 
Microwaves are electromagnetic waves as are radio waves, infrared (IR), 
visible light, ultraviolet (UV), X-rays and gamma-rays. The term microwave refers 
to the region of electromagnetic spectrum ranging from 300 MHz to 300 GHz 
with a corresponding free space wavelength between 1m and 1mm respectively. 
A microwave filter is a two-port network used to control the frequency response 
of systems, by passing the desired signals and attenuating unwanted signals. 
Microwave filters play a vital role in the development of RF/microwave 
applications. Some of the major applications are communication systems, 
terrestrial, mobile & satellite, radar systems, environmental remote sensing and 
medical systems. In recent decades, the significant development of 
communication systems due to the increasing demands for high flexibility, low 
cost and high efficiency have led to much research on microwave filters. For 
example, Figure 1 shows the RF front end of a cellular base station where 
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diplexers are commonly used to combine transmitter and receiver into a single 
antenna.   
 
 
Figure 1 RF Front end of a cellular base station [2] 
 
Because signals are being transmitted and received simultaneously, the transmit 
filter must have a very high level of rejection in the receive band in order to 
eliminate the chances of intermodulation products from the power amplifier being 
fed to the receiver. Furthermore, the transmit filter must also have low passband 
insertion loss since it impacts the power transmitted and the transmit system 
efficiency. Therefore, the biggest challenge in achieving an ideal cellular base 
station is to design a filter structure which is capable to handle high power, gives 
high out of band rejection as well as low losses. In this research, a focus will be 
given to designing a dual-mode ring resonator filter using suspended substrate 
stripline (SSS) technology. Adapting and utilising the key features of suspended 
substrate stripline (SSS) into dual-mode filter design results in a low-loss and 
high selectivity miniaturised planar filter for the application of modern 
communication systems. 
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1.2 Review of Ring Resonators 
A simple and straight-forward structure of ring resonator consists of the 
feed lines, coupling gaps and the resonator itself. Figure 2 shows an example of 
a simple ring resonator structure where the resonator is loosely coupled to the 
feeding lines. In this figure, power is fed in and out of the feeding line and 
coupling gaps. Meanwhile, the coupling gap represents the capacitance value 
which influences the resonant frequency of the ring. The bigger the coupling gap, 
the lesser it influences the resonant frequency. In other words, stronger coupling 
will give more effect on the resonant frequency. In a single ring resonator, 
resonance occurs when the mean circumference of the ring is equal to an integral 
multiple of the guided wavelength. 
 
 
Figure 2 Single Ring Resonator 
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Figure 3 Past research on ring resonator filters [3]–[5] 
 
For the past few decades, much work has been conducted on ring resonator 
filter. Some of them were mentioned in [3]–[7] and some of the structures are 
demonstrated in Figure 3. Ring resonators can be classified into the single-mode 
and multi-mode resonator. The single-mode ring resonator is often used in the 
theory and design of simple lowpass, bandpass, highpass and bandstop filters. 
In modern communication systems, filters are normally designed with more than 
one element; thus, resulting in lossy and bulky resonator filter due to the 
combination of more than one resonator. Therefore, utilizing multimode 
resonator such as dual-mode ring resonator is always considered as the best 
solution. This is because each of the dual-mode ring resonators acts like a 
double tuned circuit; hence the number of resonators required can be reduced 
by half. In a single ring resonator, dual-mode can be achieved with few steps as 
follows: 
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1) Input and output ports should be perpendicular 
2) Perturbation which may take the form of patch, notch or stub added 
symmetrically 135 degrees from both input and output port 
3) A plane of symmetry should exist within circuit 
1.2.1 Coupling Methods for Ring Resonators 
The performance of ring resonator filter can be enhanced or degraded by 
the method of coupling. Therefore, choosing a suitable coupling technique is very 
important to achieve the best filter performance. Basically, there are few coupling 
techniques can be applied to ring resonator such as (1) loose coupling, (2) 
matched stub, (3) enhanced coupling, (4) annular coupling, (5) direct connection 
and (6) side coupling [8]. Loose coupling is the simplest coupling method where 
it is an illustration of the negligibly small capacitance of the coupling gap. Figure 
4a portrayed the arrangement of loose coupling where a feed line is connected 
to the ring through a small gap spacing. 
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Figure 4 Coupling methods (a) loose coupling; (b) matched stubs; (c) 
enhanced coupling 
 
Figure 4b demonstrated the arrangement of matched stubs coupling where 
the gaps are formed between the feed lines and the matched stubs. The 
enhanced coupling showed in Figure 4c is implemented by punching the feed 
lines into the annular ring element. 
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Figure 5 Coupling methods (d) annular coupling; (e) direct connection; 
and (f) side coupling 
 
There are two coupling gaps on each port which are formed between the 
enhanced feed lines and the ring. An advantage of using the enhanced coupling 
technique compared with the loose coupling technique is that the resonant 
frequency does not change significantly by changing the gap size. The annular 
coupling arrangement is presented in Figure 5d where the coupling length is 
presented by two annular angles that is  and . Figure 5e and Figure 5f 
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demonstrated the direct connection and side coupling arrangement of a ring 
resonator respectively. In [9], a study has been performed to investigate different 
coupling techniques which can be applied to a ring resonator considering loose 
coupling, enhanced coupling and matched stub coupling. Of all techniques 
analysed, the loose coupling turned to be the most preferable technique due to 
its simplicity to implement. 
1.3 Review of Suspended Substrate Stripline (SSS) 
Suspended substrate stripline (SSS) is a variant of stripline that offers 
higher Q factor and wider value range of realisable characteristic impedances 
compared to microstrip. Many RF and microwave components such as 
directional couplers, power dividers and transistor amplifiers are manufactured 
using SSS technology. SSS is a printed circuit technology that can be used for 
both broadband and narrowband filters; typical frequency range 500 MHz to 40 
GHz. SSS consists of a conducting strip supported on a thin dielectric substrate 
that is located between a pair of ground planes between two air gaps [10]. Figure 
6 shows a cross-section of a suspended substrate stripline (SSS). The most 
interesting aspects of SSS are the circuit patterns can be printed on both sides 
of the stripline that enables broadside strong coupling, as well as the use of a 
metal housing that prevents the fields from radiating to the external of the circuit. 
SSS also offers high Q factor due to the dielectric which is mainly the air, and no 
surface waves as in microstrip. 
 Filtering circuits implemented using SSS offers greater advantages such 
as high selectivity, lower insertion loss and good temperature stability. Since 
SSS is a purely transverse electromagnetic (TEM) transmission line media, it is 
9 
 
 
non-dispersive, and this makes SSS such an interesting medium for the 
implementation of all types of filters.  
 
Figure 6 Cross-section of Suspended Substrate Stripline (SSS) 
 
The impedance of a TEM transmission line can be written as  
  377  																																																																							1.1 
where  is the dielectric constant and    is the normalised static capacitance 
per unit length of the transmission line.  
 
Figure 7 Single suspended transmission line [2] 
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Figure 7 shows a single suspended transmission line where the fringing effect is 
normally taken into account in the normalised static capacitance equation, thus 
gives [11]: 
 = 2 + 4
 !                                                            1.2 
where  ! is the fringing capacitance to ground which is plotted in Figure 8.                                               
                                                         "#$%&                                                                   1.3  
From the above equation, ' is the ground plane spacing, ( is the width and ) is 
the thickness of the strip conductor. In a printed circuit, ) is normally assumed as 
0; hence, from Figure 8 
 !  0.46                                                                   1.4 
Thus the equation becomes 
  4(' + 1.84                                                          1.5 
Rearranging the equation represents the width of the transmission line as: 
 (  '4 .377/ − 1.841                                               1.6 
where  is the characteristic impedance. The effective dielectric constant of 
SSS is approximately unity because dielectric is thin with respect to the ground 
plane spacing '. 
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Figure 8 Fringing capacitance from a rectangular bar [12] 
1.4 Literature Reviews  
A concise overview of past research about recent advancements in filter 
design which is relevant to the objectives of this project is presented. It covers 
dual-mode filter design using microstrip and other filter technologies as well as 
some research on suspended substrate stripline filters. 
1.4.1 Dual-mode Filters 
A dual-mode filter basically is a filter with resonators which exhibit two 
degenerate modes using a single physical structure. In other words, a dual-mode 
filter behaves in theory as a pair of coupled resonators. Consequently, the size 
and cost of the filter can be reduced without compromising any figure-of-merits. 
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Recently, the interest in the design of low-insertion loss, low-cost, and high-
quality dual-mode filters has grown, especially given the large filter numbers 
needed in modern base station. There are many research works using a different 
type of technologies such as planar, coaxial, cavity and waveguide filters. Some 
dual-mode filters found in the research literature include the coaxial filter [13]–
[15], waveguide filter [16]–[19], dielectric resonator filter [20]–[22] and patch 
based resonator filters [23]–[25].  
Microstrip technology is frequently used in designing dual-mode filters due 
to its advantages such as low profile and fabrication cost. The dual-mode 
resonator for microstrip filter applications was firstly introduced in [26] using ring 
resonators in the early 1970s. A dual-mode rotational symmetric resonator filter 
was developed with two transmission zeros generated near the upper and lower 
passband [27]. Besides, a fourth-order dual-mode microstrip filter with interdigital 
capacitive loading element was developed in [28]. In [29] and [30], compact dual-
mode microstrip filters were designed, fabricated and evaluated by using parallel 
coupled resonators and meander loop resonators, respectively. Furthermore, a 
triangular microstrip dual-mode filter based on the coupling matrix synthesis 
method was developed with a good rejection performance obtained [31]. Also, a 
dual-mode filter with source-load coupling was designed in [32] and [33] with 
which demonstrated good filter performance. In [34], a dual-mode microstrip 
bandpass filter was designed and tested, in which slots and metallic via were 
used to reduce the overall filter size and introduce another resonant mode. 
Besides, cross-coupling from source to load were used in the design to introduce 
transmission zeros, hence improved the out-of-band rejection level. In [35], 
Yatendra and Ajay designed a miniaturised dual mode circular patch bandpass 
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filter. It was clearly shown that the introduction of slots on the circular patch with 
the right dimensions and position could further reduce the resonant frequency; 
meaning that it was highly miniaturised and reduced the harmonic separation 
between two passbands.  
A planar dual-mode microstrip bandpass filter with a square notch was 
designed in [36], where an inset feed was used to perturb the field of resonators, 
thus exciting two degenerate modes. A perturbation element at the centre of the 
filter was used to couple two degenerate modes, thus leading to mode splitting 
of the filter response. In [37], a miniaturised dual mode spiral ring resonator with 
asymmetrical perturbation was investigated. In the design, the overall filter size 
reduction was achieved by using a triple ring spiral configuration, where each of 
them was connected to the others by via-holes and CPW sections in the ground 
plane. However, the limitation of this design was observed when the design 
frequency was higher, in which the distance between rings became bigger due 
to the application of “three times the line width” rule; hence, increased the 
physical size of the filter. A miniaturized dual-mode ring resonator bandpass filter 
with a wide passband was designed in [38]. The wideband property was realized 
by adding an impedance transformer at the input and output feeding port where 
the transformer was meandered to miniaturize the circuit size. Besides, the dual-
mode response was achieved by using an inductive perturbation which is 
asymmetrically located to the input and output feeding port. 
A study on dual-mode patch resonator-based microwave filters with 
transmission zeros at real or imaginary frequencies was conducted in [24]. The 
two degenerate modes were excited by a pair of orthogonal feeding line and a 
circular hole that serves as the perturbation element. In the design, a few 
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perturbation locations were implemented on a patch resonator to observe its 
influence on the frequency response. As a result, transmission zeros were 
observed when the perturbation was located unsymmetrical with respect to the 
excitation ports, which improved the selectivity of the filter response. However, 
there was no transmission zero created if the perturbation was located 
symmetrically to the excitation ports, which indicates that the transmission zeros 
were shifted from real frequencies to imaginary frequencies.  Cheab and Wong 
in [39] discussed the design and synthesis method of a dual mode and quasi-
elliptic dual mode microwave filter. In the design, transmission and reflection 
polynomials for both filters were generated to obtain even and odd admittances 
that were used to determine the filter topology and coupling matrix. Besides, 
rotating matrix technique was applied to the coupling matrix to eliminate the inter-
resonator coupling.  Besides the past research contributed on dual-mode filters 
with various structures, a study on the literature related to suspended substrate 
stripline technology was also carried out. 
1.4.2 Suspended Substrate Stripline (SSS) Filters 
A large and growing body of literature has been investigated on filter 
design using SSS. SSS is a type of planar transmission line that is considered 
as a good selection of transmission line for filter design. This is because of the 
merits such as high selectivity, high Q values and lower insertion loss compared 
to other types of transmission lines. In 1983, Rhodes and Mobbs published a 
paper, in which they described filtering circuits designed using SSS structure 
[40]. A compact asymmetrical SSS filter using an open loop meandered 
resonator structure was designed in [41]. In this design, the cross-coupling 
between non-adjacent resonator was used to create transmission zero on the 
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side of the passband, hence enhance the out-of-band rejection and give high 
selectivity performance characteristics. Another compact asymmetrical SSS filter 
was also designed in [42] where an open loop resonator based on meandered 
half-wavelength topology was used. The transmission zero is created due to the 
cross-coupling between two resonators, thus a positive coupling creates 
transmission zero on the high side while a negative coupling creates 
transmission zero on the lower side. 
In [43], an ultra-wide band SSS filter with a frequency range from 3.1 to 
10.6 GHz was designed and implemented. The filter consisted of a quasi-lumped 
low pass filter that was capacitively coupled to the input and output port. Although 
this is a simple design implemented by making use of a capacitor to suppress 
low frequency, it gives a problem when implemented with a microstrip circuit, 
especially as it requires higher capacitance value. Back in 2008, a broadband 
suspended stripline bandpass filter using an end-coupled resonator printed on 
both surfaces of the substrate was designed and tested in [44]. Low insertion 
loss and wide passband were obtained in this design; thus, making it suitable for 
various applications. 
An SSS bandpass filter using an H-shaped resonator was proposed in 
[45]. In the design, the circuit pattern was printed on both surfaces of the 
substrate; thus, enabling broadside coupling. The resulting output gives insertion 
loss of lower than 1 dB with measured group delay variation between 0.5-1.5 ns. 
An ultra-wide band SSS filter comprises of band rejection slot line structure, low 
pass and high pass filters were realised in [46]. The values of LC elements were 
obtained using a quasi-lumped approach and the band rejection slot line 
structure was introduced to avoid WLAN interference. As a result, the proposed 
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filter exhibits very low insertion loss with very wide stopband characteristics. A 
broadband suspended stripline filter with the resonators coupled by turn on both 
sides of the substrate is presented in [47] with a wide band from 41 to 60GHz. 
This design offers much wider passband and smaller volume compared to the 
traditional suspended stripline end-coupled filter. A good response was achieved 
which satisfy the objectives of the research. 
An SSS bandpass filter was proposed in [48]  using quasi-lumped 
elements with transmission zero created at the upper frequency using parallel 
connected inductance and capacitance. As a result, the passband imposed high 
selectivity frequency response with improved out-of-band rejection level. Another 
ultra-wide band SSS filter was designed and tested with the focus on high pass 
filter in [49]; providing a good agreement between simulation and measurement 
results. In the design, the low pass prototype was transformed into a distributed 
circuit using Richards frequency transformation method; thus, a broadband high 
pass filter at microwave frequency was obtained. Zakaria et al. in [11]  proposed 
the design of low pass filter with the integration of defected stripline structure 
(DSS) based on an SSS structure. The results exhibit good agreement between 
theoretical and experiment with notch response at 3.2 GHz that acts to remove 
undesired signal within the passband. This design was proven to reduce the 
overall filter size due to the usage of DSS; hence, minimize the manufacturing 
cost.  
1.5 Objectives of the project 
The thesis is constructed around the following objectives: 
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1) To develop design techniques for dual-mode suspended substrate 
stripline (SSS) filters with harmonic suppression 
2) To develop higher order dual-mode resonator filter with good mid-band 
performance and high selectivity on each side of the passband. 
3) To develop a novel type of asymmetrical bandpass filter with transmission 
zero above the passband to fulfil the need for high level of rejection in the 
receive band of transmit filter in the RF front-end of a cellular base station. 
1.6 Organisation of thesis 
The project organisation is as follows. In Chapter 2, the basic concept of 
microwave filter design relevant to this thesis is introduced. The topics cover the 
insertion loss filter design method, low pass filter prototypes, filter transfer 
functions, type of filters, filter transformation including impedance & frequency 
transformations and lowpass to bandpass transformations, and losses in the 
filters.  
Chapter 3 described the design of dual-mode SSS filter where an 
inductive perturbation is used to couple two degenerate modes as well as 
controlling the bandwidth. In this chapter, the theoretical background of the ring 
resonator filter was described using the transmission line model. The full-wave 
electromagnetic (EM) simulation results and the measured result of the 
fabricated filter are also presented. 
Chapter 4 describes the design of dual-mode SSS filter with transmission 
zero control. Two methods of analysis were investigated: adding susceptance to 
the ground and controlling the input and output feeding port. The theoretical 
background of the ring resonator filter with the ability to control the transmission 
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zeros is also presented using the transmission line model.  A second order and 
fourth order filter are being simulated and analysed. 
Finally, a summary of the contributions of the presented works and 
suggestions for future research work is concluded in Chapter 5.
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Chapter 2 Microwave Filter Design 
 
2.1 Introduction  
In modern communication systems, filters play an important role in 
passing the desired signal and preventing an unwanted signal from being 
transmitted or received. Therefore, designing such an effective filter bank is 
crucial in that it influences the whole system performance and results. In general, 
filter design procedure begins with specifications and progresses as follows: 
• Transfer function 
• Synthesis of the filter 
• Scaling and conversion 
• Physical implementation 
This chapter describes the basic concept and theories that form the foundations 
of filter design. The topics cover the insertion loss filter design method, low pass 
filter prototype, filter transfer function, type of filters, filter transformation, 
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including impedance and frequency transformation and low pass to bandpass 
transformation, and losses in the filter. 
2.2 Insertion Loss Filter Design Method 
The insertion loss method is a systematic design method in filter design 
using a network synthesis technique to design a filter with specified frequency 
response. This method allows a high degree of control of the passband 
amplitude, stopband attenuation and phase of the filter under investigation. All 
types of filter responses, including low pass, bandpass, the band-stop and high 
pass, can be designed using the insertion loss method. A suitable filter response 
can be chosen depending on the design parameters, e.g., low insertion loss, cut-
off and stopband attenuation, in order to satisfy the required specification 
performance. The order of the filter is equal to the number of reactive elements 
and this method also allows improvement of the filter performance, at the 
expense of a degree of order. In the insertion loss method, a filter response can 
be expressed by its power loss ratio [50], 234 : 
234  225                                                                    2.1 
where the 2 and 25  are the power available from the source and the power 
delivered to the load, respectively. The insertion loss in dB can be expressed as:  
67  10 log 234                                                        2.2 
2.2.1 Low Pass Filter Prototype 
A low pass filter prototype is a two-port passive lumped element reciprocal 
filter network where the filter element is normalised in terms of its impedance and 
frequency. The order of the filter is determined by the number of reactive 
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elements in the filter and the selectivity of the filter is proportional to the filter 
order. The low pass filter prototype can be formed by a cascade of ladder 
networks consisting of the reactive elements, which are the shunt capacitors and 
series inductors, as shown in Figure 9. 
 
Figure 9 A Typical Low Pass Ladder Network [2] 
 
An alternative way to realise a ladder network is to use immitance inverters. 
The immittance inverter is either an admittance or impedance inverter, which can 
be used to transform the series to a shunt connected element, and vice-versa. 
For most of the networks operating at microwave frequencies, the realisation of 
shunt and series resonators simultaneously is very difficult. Therefore, it is more 
convenient to use an immittance inverters where only shunt or series elements 
are used, depending on whether the low pass prototype filter has series inductors 
or shunt capacitors. Consider a circuit which is terminated in an impedance 3	at 
one port, the impedance seen looking at the other port is [51]  
; = <&3 																																																																						2.3 
where < represents the characteristic impedance of the filter. The transfer matrix 
of ideal impedance inverters can be expressed as:  
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=>? = @0 A<A< 0 B                                                         2.4 
Likewise, an ideal admittance inverter is a two-port network, such that one port 
is terminated with an admittance C3 , and the admittance seen looking at the other 
port can be expressed as [51]:  
C;  D&C3                                                                     2.5 
where D represents the characteristic admittance of the filter. In general, the 
transfer matrix of ideal impedance inverters can be expressed as:  
=>?  E 0 ADAD 0F                                                           2.6 
The conceptual representation of impedance and admittance inverted is 
illustrated in Figure 10. 
 
Figure 10 Impedance and Admittance Inverter 
 
2.2.2 Transfer Functions 
A two-port filter network can be represented by its transfer function, which 
is defined as:  
 
|H&I(AJ)|&  11 + &KL& (J)                                        2.7 
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where ε is the ripple constant, KL(J) represents a filtering or characteristic 
function and ω is the frequency variable. For a given transfer function above, the 
insertion loss of the filter is defined as attenuation of signal passing through the 
filter network and, thus, can be computed by  
67 (MN) = 10 OPQI/ 
1
|H&I(AJ)|
&
                                            2.8  
For a lossless, passive two-port network, RHII&R + |H&I&| = 1, and the filter return 
loss can be calculated using 
T7(MN) = 10 OPQI/=1 − |H&I(AJ)|
&?                                    2.9 
In a filter network, return loss measures how perfect the power is being 
transferred from filter back to the source whereby a perfectly matched filter 
network would have a return loss value of infinity (no reflected power). In other 
words, return loss defines the matching level of a filter network. The insertion 
loss and return loss of a filter are often measured in dB. 
2.3 Types of Filter 
A low pass prototype is normally designed with the cut-off frequency at ω 
= 1. In a low pass prototype, the signal passes through from a source to the load, 
which is usually operated in a 1Ω system. In practice, an ideal filter with unity 
transmission and zero attenuation is impossible to realise. Therefore, filters are 
usually designed by approximations, which will make it realisable at microwave 
frequency. In RF and microwave filter design, each response can be 
characterised based on its family type or band form. The Butterworth, 
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Chebyshev, Generalized Chebyshev and Elliptic responses are types of filters 
commonly identified in most of the filter designs by their transfer function. 
2.3.1 Butterworth Approximation 
The Butterworth approximation is the simplest approximation to an ideal 
low pass filter where it is also often referred to as a “maximally flat” (no ripples) 
response. This is because the passband is designed to have a response which 
is as flat as possible with no ripple from the zero DC value to cut-off frequency -
3dB. In other words, the Butterworth approximation has no gain ripple in the 
passband and stopband. Higher frequencies beyond the cut-off frequency roll-
off down to zero in the stopband at 20dB/decade. The approximation is defined 
as [52]:  
|HI&(AJ)|&  11 + J&L                                                2.10 
where N represents the order of the filter, where the larger the order of the filter, 
the more rapid the transition from passband to stopband. The insertion loss of 
the filter is therefore given by 
67  10 OPQI/=1 + J&L?                                         2.11 
Figure 11 shows the Butterworth filter response for different orders of filter, in 
which it can be seen that the filter response gets steeper as the order of the filter 
is increased. In other words, the roll-off gets steeper, producing a sharp transition 
between passband and stopband as the order of the filter increases. 
25 
 
 
 
Figure 11 Butterworth Filter Response 
 
The 3dB cut-off frequency is at J = 1, the point where the passband stops and 
the stopband starts. In order to meet the required specification, the order of the 
filter can be calculated as:  
V ≥
7X + 7420 OPQI/(H)                                                   2.12 
And  
H  J;J                                                                   2.13 
where 7X, 74 ,  H, J; and Jare defined as insertion loss, return loss, selectivity, 
stopband critical frequency and passband critical frequency respectively. 
2.3.2 Chebychev Approximation 
The Chebychev approximation is a type of filter which exhibits equal-ripple 
passband up to the band-edge of J=1 before rolling off rapidly in the stopband. 
Chebyshev filter provides steeper and sharper filter response than in a 
Butterworth filter because of the presence of a ripple in the passband or 
stopband. The transfer function that describes this type of filter is defined as [52]:  
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|HI&AJ	|& = 11 + &>&J	                                   2.14 
where the ripple constant ε can be evaluated by  
 = \103]I/ − 1                                                      2.15 
Thus, the insertion loss of the filter is given by 
67 = 10 OPQI/^1 + &>L&J	_                          2.16 
>LJ	 is a Chebychev polynomial function of order N which has maximum value 
of 1 in the passband and can be defined as: 
>LJ	 = cosbV cPdeI J	f                                     2.17 
In order to meet the required specification, the order of Chebychev filter can be 
calculated as:  
V ≥ 7X + 74 + 620 OPQI/ gH + H& − 1	I&h                             2.18 
where 7X, 74 and H are defined as insertion loss, return loss and selectivity, 
respectively. Figure 12 shows a Chebychev filter response with different values 
of N when ε=0.5.  
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Figure 12 Chebychev Filter Response 
 
2.3.3 Generalised Chebychev Approximation 
The generalised Chebyshev low pass prototype network provides an 
equiripple signal at passband with arbitrarily transmission zeros in the stopband; 
hence, both symmetrical and asymmetrical responses can be generated with this 
type of approximation [52]. The presence of transmission zeros that can be 
placed arbitrarily in the stopband leads to high selectivity at the transition band 
as nearly as an Elliptic approximation. Furthermore, the transmission zeros are 
not restricted to be located at real frequency, but may also be located at the 
complex plane. Figure 13 shows a generalised Chebyshev low pass prototype 
circuit. 
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Figure 13 Generalised Chebychev Low Pass Prototype 
 
The transfer function of a generalised Chebyshev low pass filter prototype is 
given by [1] 
 
|HI&AJ	|& =  11 + &KL&J	                                         2.19 
where  
 
KLJ	 =  
ijj
kj
jlcos Em − mn	 coseI J + o cPdeI 1 − JJpJ − Jp
q
prI  F  − 1 ≤  |J| ≤ 1
cosh Em − mn	 cosheI J + o cPdℎeI 1 − JJpJ − Jp
q
prI F  1 <  |J| 
           2.20 
 
In the above equations, wx is the number of purely imaginary zeros that 
represents the transmission zeros in the stopband.  
 
 
 
29 
 
 
2.4 Filter Transformations 
In the filter design, the low pass filter prototype was normalised, whereby 
the source impedance and cut-off frequency were set to 1Ω and Jy = 1, 
respectively. In communication systems, most of the network systems are 
operated with 50Ω source and terminations. Therefore, impedance and 
frequency scaling can be used to scale the low pass filter prototype. The low 
pass filter prototype can be converted into high-pass, band-stop and bandpass 
characteristics depending on the system requirements. 
2.4.1 Impedance and Frequency Scaling 
The low pass filter prototype element values are scaled to reach the 
impedance level of , which gives the new impedance scaled quantities of [2]:  
Tz = T{                                                           2.21 
T3 = T{T3                                                       2.22 
7 = T{7                                                          2.23 
 = T{                                                             2.24 
where T{, 7 and  are the original low pass prototype component values. To 
change the low pass cut-off frequency from unity to Jy , the ω must be scaled by 
a factor of I|}; thus, ω can be replaced by ||} and the resulting power loss ratio 
will be 
234 J	 = 234 . JJy1                                               2.25 
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where the Jy is the new cut-off frequency of the transformed filter, and the new 
element filter components after applying both impedance and frequency 
transformations are [2]: 
7p = T{7pJy                                                         2.26 
p = pT{Jy                                                        2.27 
2.4.2 Low Pass to Bandpass Transformation 
A low pass filter prototype can be converted into a bandpass filter using 
the following frequency substitution [2]: 
J → 1∆ . JJ/ − J/J 1                                               2.28 
where  
∆= J& − JIJ/                                                     2.29 
 
and  
J/ = JIJ&                                                2.30 
 
The ∆ and J/ are the fractional bandwidth and centre frequency, respectively. A 
series inductor 7p in the low pass prototype filter elements is converted into a low 
impedance series LC circuit elements using the following equations: 
7p = 7p∆J/                                                         2.31 
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p = ∆J/7p                                                       2.32 
While a shunt capacitor p is transformed into a high impedance shunt LC circuit 
elements using the following equations: 
7p = ∆J/p                                                      2.33 
p = p∆J/                                                        2.34 
 
Figure 14 Low pass to bandpass network element transformations 
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Figure 15 Low pass to bandpass network transformation circuit example 
 
 
2.5 Losses in Filters 
In the filter design procedure, it is commonly assumed that the filter is a 
lossless low pass prototype; thereby, yielding a lossless bandpass filter. 
However, in the real practical filter, the use of resistive components is practised 
and, hence, leads to the degradation of overall filter performance. The effect of 
this resistance represents losses and is linked directly to the quality factor of 
each component used in a filter circuit. The Q factor of a circuit can be expressed 
as: 
 = 2   mQ d)PM m  ccOmQ Mdd)M  ccO                   2.35 
One of the main critical problems in filter design is that the passband loss is 
indirectly proportional to the bandwidth of the filter. Consequently, to achieve a 
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low passband loss in the practical filter, a high resonator Q factor must be used, 
which directly gives a narrow bandwidth filter response. Additionally, the 
passband loss is also influenced by the degree of the filter. As the degree of the 
filter is increased, the passband loss is also increased, as shown in the 
relationship below [50]: 
7 = 4.343 ∆ o Q                                              
L
rI 2.36 
where Q ,∆ and  represent the element values in the bandpass filter, 
bandwidth and unloaded quality factor, respectively. Figure 16 shows a 
simulation of a bandpass filter with various resonator Q factors.  
 
Figure 16 Simulation of Bandpass Filter with Various Q Factors [50] 
 
It can be clearly seen that the passband losses are obviously influenced by the 
value of the Q factor. In this regard, the passband losses increased as the Q 
factor was reduced, whereby the bandwidth became narrower. Therefore, it can 
be concluded that the lower the losses, the response becomes sharper, as 
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energy is stored better in the circuit; thus, improving the selectivity of a filter 
response.  
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Chapter 3 Dual Mode Suspended Substrate Stripline (SSS) 
Filters 
 
3.1 Introduction   
Simple filtering functions, such as Chebychev and Butterworth, can be 
implemented by a low pass prototype network using a simple ladder structure. 
With this structure, a filter response where all transmission zeros are at infinity 
and without cross-coupling between resonators can be achieved. A more 
complicated filter with transmission zeros at finite frequency and cross-coupling 
between resonators can be realised, which significantly improves the filter 
performance compared to the latter structure. For instance, the dual mode 
resonant cavities, which involve the concept of coupling matrix as equivalent 
circuit, are widely used in filtering structure design. This contains normalised 
values of the coupling coefficients between the resonant cavities and the 
input/output port. This kind of structure can greatly minimise overall filter size as 
compared to using the single mode filter structure. Figure 17 shows an example 
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of coupling topology of a fourth order filter with its coupling matrix. Using these 
two, a fourth order triangular dual-mode filter was successfully designed in [31]. 
 
Figure 17 Example of coupling matrix and coupling topology of a fourth 
order filter 
 
Dual mode excitation can be achieved by introducing a perturbation in the 
cavity, such as iris and notch, which disturbs the electromagnetic fields and 
creates two split resonance frequencies. The larger in size the perturbation is, 
the higher is the frequency shift between the two modes. In other words, the size 
of perturbation controls the bandwidth of the filter response. Filters with a dual-
mode operation were investigated due to their ability to produce two degenerate 
modes using a single physical structure; therefore, the size and cost of the filter 
can be reduced without compromising any figure-of-merits.  
There are many research works addressing improving the design of the 
transmit filter by using a dual-mode design technique. The microstrip technology 
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often attracts researchers in designing dual-mode filters due to such advantage 
as low fabrication cost. In [27], a dual-mode rotational symmetric resonator filter 
was designed with two transmission zeros generated near the upper and lower 
passband. Additionally, a fourth order dual-mode microstrip filter with interdigital 
capacitive loading element was designed in [28]. In [29] and [30], compact dual-
mode microstrip filters were designed, fabricated and tested using parallel 
coupled resonator and meander loop resonator, respectively. A triangular 
microstrip dual-mode filter based on the coupling matrix synthesis method was 
designed in [31] with a good rejection performance obtained. Also, a dual-mode 
filter with source-load coupling was designed in [32] and [33], which 
demonstrated good filter performance. Some of the above mentioned dual-mode 
filter are shown in Figure 18. All the above-mentioned filters offered good return 
loss values and sharp skirt selectivity due to the ability to generate transmission 
zeros. Nonetheless, they suffered high insertion loss, which was greater than 1 
dB at the mid-band frequency, thus resulting in lower Q. Therefore, this research 
was proposed to produce high selectivity filter response without using any cross 
coupling connection and lower insertion loss thus resulting in higher Q factor.  
In this chapter, another type of technology is utilised to design the dual 
mode ring resonator filter, namely, using suspended substrate stripline (SSS). 
The major advantages of using this technology compared to other planar filters 
are high selectivity, higher Q, non-dispersiveness and good temperature stability.  
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Figure 18 Examples of Past Dual-Mode Filters [28][32][33] 
3.2 The Ring Resonator 
A ring resonator, one wavelength long at frequency 2.07 GHz, was 
simulated and evaluated using a full-wave electromagnetic (EM) simulator. The 
radius of the ring is calculated as follows: 
2 = c√                                                        3.1 
where c,  and  are the speed of light, operating frequency and effective 
permittivity constant, respectively. The calculated radius of the ring resonator 
was 24.77 mm. 
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Figure 19 Top View of Ring Resonator Filter 
 
 
 
Figure 20 Side View of Ring Resonator Filter 
 
Figure 19 and Figure 20 show the top and side view of the ring resonator 
filter, respectively. The filter was designed and fabricated on a 0.254 mm 
thickness RT/Duroid 5880 substrate with a relative dielectric constant = 2.2. 
The ring resonator filter is printed on the substrate which is suspended in the air 
and enclosed by a metal cavity. Using air as the dielectric has the advantage that 
it avoids the transmission losses associated with dielectric materials. The metal 
post, which is shorted to ground, is placed at the centre of the cavity and is used 
to improve the first harmonics of the filter. In designing a filter, the dimension is 
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an important parameter since it affects the filter’s electrical performance. 
Maintaining the box height ' <  2  can avoid higher order modes [50]; hence, 
the height of box ‘b’ was chosen as 10 mm. As the height of box chosen was 
10mm with the substrate thickness ‘t’ of 0.254 mm, the ring resonator impedance 
of 58 Ω was obtained from the graph of t/b versus  in [53], with t/b and w/b are 
0 and 1.2, respectively. 
Table 1 Eigenmode Solution of The Ring Resonator Without Metal Post 
Eigenmode Frequency (GHz) Q-factor 
Mode 1 2.07 1486.26 
Mode 2 2.07 1496.46 
Mode 3 3.34 4654.81 
Mode 4 4.03 2214.26 
 
Table 2 Eigenmode Solution of The Ring Resonator with Metal Post 
Eigenmode Frequency (GHz) Q-factor 
Mode 1 2.07 1569.43 
Mode 2 2.07 1528.28 
Mode 3 4.06 2211.79 
Mode 4 4.11 2244.16 
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Figure 21 Electric Field Distribution for Mode 1 Without and With a Metal Post 
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Figure 22 Electric Field Distribution for First Harmonic Without and With a Metal Post 
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Table 1 and Table 2 represent the eigenmode solutions of the ring resonator 
without and with a metal post shorted to the ground, respectively. Both solutions 
have dual mode resonances at approximately 2.07 GHz. It was observed that 
the Q-factor of the first resonance is improved from 1486.26 to 1569.43 by using 
a metal post shorted to the ground. The first harmonic was also improved from 
3.34 GHz to 4.06 GHz when a metal post was inserted at the centre of the cavity. 
Figure 21 demonstrates the electric field distributions of the first resonance for 
both structures, which are nearly identical for both conditions except that the 
magnitude of the fields was more intense when a metal post was applied. This 
agrees well with the eigenmode solutions whereby the Q-factor of the first 
harmonics is higher when a metal post is applied at the centre of the cavity; 
hence, lower insertion loss can be obtained. Figure 22 illustrates the electric field 
distribution of the first harmonics of the filter structure without and with a metal 
post applied. It was observed that the field distributions were pushed away from 
the centre of the cavity when a metal post was applied shorted to the ground, 
which, in turn, pushed the first harmonic to a higher frequency. This result 
showed that a wider out-of-band rejection, as well as better spurious, is achieved 
by applying a metal post. Therefore, a filter structure with the metal post is used 
in the following filter design. 
3.3 Transmission Line Equivalent Circuit Analysis 
The ring resonator was analysed as two transmission lines wherein 
electrical lengths of Iand & are connected in parallel, as shown in Figure 23. 
The characteristic impedances  of the transmission lines are assumed as 1 Ω.  
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Figure 23 Equivalent Circuit Representation of a Ring Resonator 
 
The transfer matrix of a single transmission line is:  
=>? = gcos  A sin A sin  cos  h                                              3.2 
And the Y matrix of a unit impedance is:  
=C? =  −Atan  Asin Asin  −Atan                                                          3.3 
 
Since the two transmission lines are connected in parallel, therefore, 
 =C? = =CI? + =C&?,                                                  3.4 
=C? = A 
− 1tan I − 1tan & 1sin I + 1sin &1sin I + 1sin & − 1tan I − 1tan &
            3.5 
 
So, let’s represent the Y-matrix as  network, as shown in Figure 24: 
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Figure 24 Two Port  Network 
 
where 
g6I6&h = II I&&I && gI&h                                             3.6 
 
II = 6II  (ℎm & = 0                                                     
II =  +                                                  3.7 
Thus, 
 = II −                                                 3.8 
I& = 6I&  (ℎm I = 0                                                     
Thus, 
 = I&                                                                      3.9 
&& = 6&&  (ℎm I = 0                                                    
&& = y +                                               3.10 
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Thus, 
y = && −                                             3.11 
For the two-port transmission lines which are connected in parallel, the 
equivalent circuit can be represented as a  network, as follows: 
 
Figure 25  Network Representation of Two Transmission Lines 
Connected in Parallel 
 
Therefore, rearranging the two-port equivalent circuit, as shown in Figure 26, 
where the  network can be seen as admittance inverter <I&.  
 
Figure 26 Equivalent Circuit Representation of the  Network with 
Admittance Inverter  
 
Therefore, 
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A<I& = I&                                                 3.12 
And from 3.5 
I& = Asin I + Asin &                                            3.13 
Hence, the transmission zeros are the zeros of I& and occur when  
sin I + sin & = 0                                        3.14 
3.4 Second Order Filter Design 
A second order ring resonator filter was designed with the specifications as 
follows: 
Table 3 Bandpass Filter Specifications 
Centre Frequency () 2.08 GHz 
20 dB Bandwidth (BW) 80 MHz 
Return Loss (RL) >20 dB 
Insertion Loss (IL) <0.5 dB 
System Impedance ‘{’ 50 Ω 
 
Figure 27 shows the structure of a one wavelength long dual-mode ring resonator 
filter with 90° input and output feed separation. The filter is designed at 2.08 GHz 
with a bandwidth of 80 MHz and it is capacitively coupled to the input and output 
port. Since the output feeding line is the mirror image of the input feeding line, 
the coupling values at both locations are the same. A notch is located 135° from 
both input and output feeding and is used to couple two degenerates’ modes, 
which represent the dual-mode response. Without a notch, only a single mode 
48 
 
 
excitation can be achieved. The proposed dual-mode filter is initially arranged 
under weak capacitive coupling with a perturbation located 135° to the input and 
output port to investigate the influence of varying the notch radius to the 
frequency response. The location and size of the notch are two important design 
parameters, whereby it influences the electrical filter performance. Figure 28 
depicts the movement of the first three resonant modes versus notch radius. As 
notch radius increases, mode 2 remains unchanged while mode 1 moves down, 
thus separating these two modes from each other. Therefore, it shows that the 
notch radius controls the mode splitting of the degenerates’ modes. 
 
Figure 27 Ring Resonator Filter with 90° Separation of Input and Output 
Port 
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Figure 28 Mode Splitting Frequency for Various Notch Radii 
 
3.4.1 Input/output Coupling Analysis 
In designing a filter, coupling plays an important role in connecting the two 
parts of a filter. For example, to connect two transmission lines, the coupling 
value is needed to avoid a mismatch, which may lead to more losses, thus, 
degrading the electrical filter performance. Input/output coupling, also known as 
external coupling, connects the filter to the outside world and is often expressed 
as external Q (). Figure 29 illustrates the arrangement setup of a single ring 
resonator filter to find the external coupling, , where the value of  is 
determined by the overlap between the input transmission line and the ring 
resonator filter. Figure 30 shows the cross section of a single ring resonator 
where the overlap is shown clearly in the figure. 
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Figure 29 Single Ring Resonator Layout to Find the External Q () 
 
Figure 30 Cross Section of a Single Ring Resonator 
 
In this design, the correct value of coupling is needed to couple the input 
transmission line to the ring resonator filter to avoid mismatch. Based on the 
specification requirements, the input/output coupling coefficient is first extracted 
from  the Coupling Matrix Synthesis (CMS) [54], which is a filter and  coupling 
matrix synthesis software developed by Guided Wave Technology. The 
extracted normalised coupling coefficients are stated in Table 4, as follows: 
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Table 4 Normalised Coupling Coefficients 
 of the Second Order Filter 
 S 1 2 L 
S 0 1.2247 0 0 
1 1.2247 0 1.6583 0 
2 0 1.6583 0 1.2247 
L 0 0 1.2247 0 
 
Coupling coefficient is a dimensionless value that characterizes the interaction 
between two resonators. From Table 4, the normalised coupling coefficient 
between source and the first resonator was identified with the value of 1.2247. 
The external Q () can be expressed by the normalised coupling coefficient  /I 
 = /N¡  /I&                                                     3.15 
where / and N¡ are the operating frequency and ripple bandwidth of the filter, 
respectively. The calculated  is 17.38 and the filter is simulated to find its group 
delay response so that the exact overlap distance can be determined. Figure 31 
demonstrates the group delay responses versus frequency for various overlap 
distance, ranging from 0 to 1.6 mm, while Figure 32 represents the graph of 
 versus overlap distance, which was extracted based on the data obtained 
from Figure 31. An overlap distance of 0.5 mm was extracted from the graph in 
Figure 32, which satisfies the  value of 17.38. 
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Figure 31 Group Delay vs. Frequency for Various Overlap Distance 
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Figure 32 Graph of External Q	(	) vs. Overlap Distance 
 
3.4.2 Inter-Resonator Coupling Analysis 
Inter-resonator coupling is executed by elements which can provide the 
exchange of energy between resonators. These can be constructed by posts, 
irises, septa, perturbations and by other means. In this design, the coupling 
between resonators is realised using a notch, which is perturbed on the ring 
resonator filter, as shown in Figure 33 . The notch not only controls the coupling 
between resonators, but also controls the bandwidth of the filter response. Figure 
34 demonstrates the graph of coupling bandwidth  I&	versus notch radius, 
where the coupling bandwidth was extracted from [54]. From the graph, it can be 
seen that the coupling bandwidth is increased as the notch radius increases. 
Based on the specification requirements, the coupling bandwidth  I&	obtained 
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from [54] is 132.66 MHz; thus, the notch radius matched with  I&	extracted from 
Figure 34 is 6.6 mm. 
 
Figure 33 Ring Resonator Filter With a Notch Perturbed on The Ring 
 
Figure 34 Graph of Coupling Bandwidth 
	vs. Notch Radius 
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3.4.3 Result and Discussion 
Figure 35 depicts the top view of a dual mode ring resonator filter with a 
notch located 135° from the input and output feeding location. The substrate 
used for this filter is Rogers/Duroid 5880 with a relative dielectric constant = 
2.2 and thickness of 0.254 mm. The length and width of the filter cavity are 63 
mm while the height chosen is 10 mm. The input and output ports are capacitively 
coupled to the ring resonator, which, in this design, was represented by the 
overlap between the ring resonator and the input/output transmission lines. A 
return loss value of 20 dB with 84 MHz bandwidth and insertion loss value of 
0.13 dB was obtained from the simulation outcome, as depicted in Figure 36. 
Figure 37 shows the wideband frequency response of the simulated designed 
filter, which shows that the first harmonic appears at 1.8/, which is at 3.87 GHz. 
Simulation and analysis also show that increasing the notch radius leads to 
greater bandwidth, but weakens the return loss value. Meanwhile, the notch 
location is a great influencer to the transmission zero location. In this design, a 
pair of transmission zeros is located at the imaginary axis of the complex s-plane, 
whereas, in Figure 38, the simulation result shows that transmission zeros were 
seen below and above the passband. This is due to the notch, which is 
asymmetrically located to the input and output port; thus, the transmission zeros 
are moved to the real axis of the complex s-plane. 
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Figure 35 Top View of a Dual Mode Ring Resonator Filter 
 
Figure 36 Simulated Response of Second Order Filter 
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Figure 37 Wideband Frequency Response with Symmetrical Notch 
Location 
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Figure 38 Wideband Frequency Response with Asymmetrical Notch 
Location 
 
3.5 Fourth Order Filter Design 
This section gives an overview of higher order filter development, from 
design to fabrication, with the proposed dual-mode filter through a design 
example of a fourth order bandpass filter. The filter specifications are 
summarised as follows: 
Centre Frequency () 2.08 GHz 
20 dB Bandwidth (BW) 50 MHz 
Return Loss (RL) >20 dB 
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Insertion Loss (IL) <1 dB 
System Impedance ‘ {’ 50Ω 
 
Figure 39 and Figure 40 depicts the structure of a fourth order filter and the side 
view of the fourth order filter respectively. The two cavities were separated by a 
wall with a small iris in which the wall separator was used to avoid cross-coupling 
between non-adjacent modes. A metal strip was located between the two rings 
passing through the wall separator to couple mode 2 and mode 3 and a metal 
post placed in each cavity to improve the first harmonics of the filter frequency 
response. Dual modes are excited in both cavities using a semi-circular notch, 
which inductively perturbed each ring. 
 
Figure 39 Fourth Order Filter Structure 
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Figure 40 Side View of The Fourth Order Filter 
3.5.1 Input/output Coupling Analysis 
The input/output coupling was analysed the same way as in Section 3.4.1. 
Based on the specification requirements, the input/output coupling coefficient 
was first extracted from [54] and the extracted normalised coupling coefficients 
are as featured in Table 5.  
Table 5 Normalised Coupling Coefficients 
 of the Four Order Filter 
 S 1 2 3 4 L 
S 0 1.0352 0 0 0 0 
1 1.0352 0 0.9106 0 0 0 
2 0 0.9106 0 0.6999 0 0 
3 0 0 0.6999 0 0.9106 0 
4 0 0 0 0.9106 0 1.0352 
L 0 0 0 0 1.0352 0 
 
From Table 5, the normalised coupling coefficient of the source to the first 
resonator is 1.0352. Therefore, the  is 38.97, which is calculated using 
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equation 3.15 while the overlap distance obtained from Figure 32 to match with 
the calculated  , is 0.18 mm. 
3.5.2 Inter-Resonator Coupling Analysis 
3.5.2.1 
 and 
¢£ 
The coupling in each cavity is referred to as  I& and  ¤¥, which also 
represents the coupling between resonators in a single ring resonator filter.  I& 
and  ¤¥ are realised in the same way as in Section 3.4.2. The normalised 
coupling bandwidth of  I& and  ¤¥ extracted from Table 5 is 0.9106; thus, for 50 
MHz ripple bandwidth, the coupling bandwidth of 45.53 MHz is calculated for  I& 
and  ¤¥. Since the notch radius represents the coupling of  I& and  ¤¥, Figure 
34 is, therefore, also used to extract the notch radius, which is 4.4 mm, to match 
with the coupling bandwidth obtained. 
3.5.2.2 
¢ 
In this design,  &¤ is referred to as inter-ring resonator coupling whereby 
the coupling depends on the overlap distance between the metal strip and the 
ring resonator filter. To demonstrate the concept of inter-ring resonator coupling, 
the ring resonator filter structure in Figure 41 was used. Two ring resonators 
were enclosed in a metallic housing and loosely coupled to the input and output 
ports. The coupling of  &¤ was determined by the overlap distance whereby the 
metal strip length was varied to evaluate the corresponding transmission 
characteristic H&I	, as shown in Figure 42. The two ring resonators are identical 
with both resonating at the operating frequency,  . For each value of strip length, 
two peaks were observed in the frequency response. The metal strip length, 
which controls the inter-ring resonator coupling, was adjusted until S21 between 
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two peaks was roughly -30 dB to -40 dB to guarantee loose coupling. The actual 
coupling value was first extracted from [54] to match with the inter-ring resonator 
coupling value of 0.0172, which was calculated from expression [52] 
 
< = ¦& − 3&¦& + 3&                                                       3.16 
where ¦ is the frequency of the upper peak, while 3 is the frequency of the 
lower peak. Figure 43 shows the graph of inter-ring resonator coupling versus 
strip length, where the strip length is 13.4 mm to match with the calculated 
coupling value of 0.0172. 
 
Figure 41 Top View of a Loosely Coupled Four Order Filter 
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Figure 42 Graph of Insertion Loss vs. Frequency for Various Strip Length 
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Figure 43 Graph of Inter-Ring Resonator Coupling vs. Strip Length 
  
3.5.3 Simulation and Measurement Results and Discussions 
A fourth order dual-mode filter was designed using suspended substrate 
stripline technology. Figure 44 shows the simulated response of the designed 
filter with a return loss value of 15.33 dB and insertion loss value of 0.66dB 
obtained at the operating frequency of 2.088 GHz. Additionally, four transmission 
zeros appeared, two below and two above the passband, with the shoulder level 
of 74 dB. This is because when a ring was fed at 90°, two separate paths exist, 
with one of λ/4 while the other one is 3λ/4, which creates a 180° phase difference. 
The 180° phase difference thus naturally creates transmission zeros by phase 
cancellation. Therefore, the selectivity of the filter response is improved on both 
sides of the passband. Although the size of the two rings are identical, the 
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transmission zeros appeared at four different frequencies. This is because there 
are more than one solutions available for the transmission zero which referred to 
equation 3.14. This is proven by the transmission line equivalent circuit of the 
fourth order filter as shown in Figure 45. The difference in the electrical length of 
both rings has led to the formation of four transmission zeros, even though the 
value of the characteristic impedance of both rings are the same. The simulated 
frequency response of the transmission line equivalent circuit is shown in Figure 
46 where four transmission zeros were observed.  The top and bottom view of 
the fabricated fourth order filter having transmission zeros above and below the 
passband are shown in Figure 47 and Figure 48, respectively. The substrate was 
enclosed in a metal enclosure at top and bottom, which was suspended by the 
airgaps. The two ring resonators were printed on the top side while the 
input/output feeding line and the metal strip were printed on the bottom side of 
the substrate, which ensured broadside coupling. The top and bottom enclosure 
of the designed filter is shown in Figure 49. 
Figure 50 shows the measurement result of the fabricated filter with return 
loss value of 16.42 dB, insertion loss of 0.926 dB at 2 GHz and bandwidth of 57.7 
MHz. Two transmission zeros were observed below the passband while another 
two were observed above the passband. Although there was a shifting in the 
resonance frequency which was mainly caused by the tuning screws, the 
designed filter gives good response which agreed well with the EM simulated 
outcome. Figure 51 represents the wideband frequency response of the 
fabricated fourth order filter. The outcome showed a wideband spurious free 
response wherein the first harmonic frequency appeared at 1.8P, which is 
nearly double the fundamental frequency.  
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Figure 44 Simulated Response of The Fourth Order Filter 
 
 
Figure 45 Transmission line equivalent circuit of the fourth order filter 
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Figure 46 Simulated frequency response of the transmission line 
equivalent circuit 
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Figure 47 Top View of The Fabricated Fourth Order Filter 
 
Figure 48 Bottom View of The Fabricated Fourth Order Filter 
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Figure 49 Top and Bottom Enclosure of The Designed Filter 
 
Figure 50 Measurement Result of The Fabricated Fourth Order Filter 
1.6 1.8 2.0 2.2 2.4 2.6
-100
-80
-60
-40
-20
0
S 1
1 
a
n
d 
S 2
1 
(dB
)
Frequency (GHz)
 Measurement Return Loss S11
 Measurement Insertion Loss S21
70 
 
 
 
 
Figure 51 Wideband Response of The Fabricated Fourth Order Filter 
 
3.6 Summary 
A second order and fourth order dual mode suspended substrate stripline 
filter were presented whereby the influence of a metal post was first investigated. 
The first harmonic was suppressed and nearly doubled the fundamental 
frequency by adding the metal post. Using 90° input and output port 
arrangement, transmission zeros were obtained due to phase cancellation 
between two paths in the ring. In other words, no cross-coupling is needed to 
achieve a sharp skirt filter response. The notch radius is an important parameter, 
since it controls the bandwidth of the filter response as well as the coupling of 
two degenerates’ modes, in which it generates a dual mode response. The 
obtained frequency response indicated that the dual mode SSS bandpass filter 
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enables the achievement of low-loss filter response, a good spurious, high Q 
factor as well as high selectivity filter response without using any cross-coupling 
connection. 
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Chapter 4 Dual Mode Suspended Substrate Stripline (SSS) 
Filters With Transmission Zero Control 
 
4.1 Introduction 
Wireless communication systems demand efficient utilisation of the 
frequency spectrum to satisfy the ever-increasing rigid specification 
requirements, including higher performance and lower cost.  It is essential for RF 
and microwave filters to possess a sharp skirt selectivity in the transition band. 
A high selectivity filter can be realised by using more resonators, but this method 
has some drawbacks, such as higher losses and larger size. To overcome this 
problem, a high selectivity filter can be realised by introducing transmission zero 
near the passband. However, it is crucial to some of the applications which 
require transmission zeros only on one side or both sides of the passband based 
on their stringent rejection requirements. In the past, there has been 
considerable research conducted, mainly to control the transmission zeros’ 
location in microwave bandpass filters [55]–[62]. In this chapter, two methods of 
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controlling the transmission zero location are explored, which is by adding 
susceptance to the ground and by controlling the degree of input and output 
feeding location. 
4.2 Method 1: Adding Susceptance to the Ground 
4.2.1 Transmission Line Equivalent Circuit Analysis 
Figure 52 shows a ring resonator with susceptance which is directly 
connected to the ground at the input and output port. The ring resonator was 
analysed as two transmission lines with electrical length of Iand & which are 
connected in parallel. The characteristic impedances P of the transmission lines 
are assumed as 1Ω.  
 
Figure 52 Ring Resonator with Susceptance to Ground at the Input and 
Output Port 
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Figure 53 Transmission Line Equivalent Circuit 
 
 
Figure 54 Simplified Transmission Line Equivalent Circuit with 
Admittance Inverter  
 
The two-port network is analysed the same as in the previous chapter and the 
final equivalent circuit, including the susceptance to the ground, is visualised in  
Figure 53. From the figure, it is demonstrated that the susceptance and the shunt 
impedance, II/&&, are seen as two resonance circuits shunted to the ground, 
which are separated by a π network represented by an admittance inverter. 
Therefore, the equivalent circuit can be simplified, as in Figure 54.  
And, 
A<I& = I&                                                                        4.1 
From equation 3.5 
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I& = Asin I +
Asin &                                                     4.2 
Hence, the transmission zeros are the zeros of I& and occur when  
sin I + sin & = 0                                             4.3 
While, for the resonant circuits 
AN − II = 0                                                                  4.4 
where II = && 
Thence, 
AN − A g 1tan I + 1tan &h = 0                                          4.5 
From equation 4.5, it is observed that the susceptance influences the passband 
response. For instance, if a capacitive susceptance is applied at the input and 
output port, the resonance will be shifted to a lower frequency and the bandwidth 
of the filter response will also increase; thus, the transmission zeros will appear 
on the higher side of the passband. In contrast, if an inductive susceptance is 
applied at the input and output port, the resonance will be shifted to the higher 
frequency and the bandwidth of the filter response will also increase; thus, the 
transmission zeros will appear on the lower side of the passband. 
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4.2.2 Second Order Filter Design 
A second order filter was designed and simulated with the following 
specifications:  
Table 6 Second Order Filter With Controllable Transmission Zero 
Centre Frequency () 2.08 GHz 
20 dB Bandwidth (BW) 100 MHz 
Return Loss (RL) >20 dB 
Insertion Loss (IL) <0.5 dB 
System Impedance ‘ {’ 50Ω 
Transmission zero Above the 
passband 
 
Figure 55 shows a second-order bandpass filter with a capacitive susceptance 
shunted to the ground at the input and output port. The transmission lines 
represent the ring resonator, and it is capacitively coupled to the input and output 
port. The circuit was simulated and optimised until it reaches the desired filter 
performance. Figure 56 depicts the filter response of the designed filter where 
the transmission zero is observed located at 2.08GHz, while the resonance is 
shifted to lower frequency which is contributed by the susceptance. In this 
design, no notch is needed as the dual mode response is initiated by the 
combination of input capacitance coupling and the capacitive susceptance, while 
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the bandwidth depends on the susceptance value. Therefore, the higher the 
capacitance value, the larger the bandwidth of the filter, thus leading the 
resonance frequency to be shifted further down. 
 
Figure 55 Circuit Diagram of The Second Order Asymmetrical Bandpass 
Filter With Capacitive Susceptance 
 
Figure 56 Simulated Result of The Second Order Asymmetrical Bandpass 
Filter With Capacitive Susceptance 
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Figure 57 Circuit Diagram of The Second Order Asymmetrical Bandpass 
Filter With Inductive Susceptance 
 
Figure 58 Simulated Result of The Second Order Asymmetrical Bandpass 
Filter With Inductive Susceptance 
 
Figure 57 demonstrates the second order asymmetrical bandpass filter with an 
inductive susceptance shunted to the ground, while Figure 58 is the frequency 
response of the filter. Due to the different type of susceptance used, which is 
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now inductive, the resonance frequency is pushed to the higher frequency, thus 
moving the transmission zeros below the passband. Comparing the results in 
Figure 56 and Figure 58, it was observed that the location of transmission zeros 
were static at 2.08 GHz, and the type of susceptance has led the resonance to 
be shifted, thus making the transmission zero appear above or below the 
passband. This is consistent with the theory presented in Section 4.2.1, whereby 
the transmission zero position can be controlled by using susceptance shunted 
to the ground. However, in practice, a filter with inductive susceptance is difficult 
to realise using SSS; thus, a filter with capacitive susceptance was analysed 
further using the electromagnetic (EM) simulator. 
 
Figure 59 Top View of An Asymmetrical Second Order Bandpass Filter 
With Capacitive Susceptance 
 
Figure 60 Front View of An Asymmetrical Second Order Bandpass Filter 
With Capacitive Susceptance 
 
80 
 
 
Figure 59 and Figure 60 show the top view and front view of the asymmetrical 
second order filter with capacitive susceptance, respectively. The filter is 
designed on a 0.254 mm thickness RT/Duroid 5880 substrate with a relative 
dielectric constant, = 2.2. The structure layout is the same as the one used in 
the previous chapter, except that the airbox was cut from the top of the cavity 
towards near the input and output transmission line to represent the capacitive 
susceptance, which is labelled as “s” in Figure 60. The initial coupling values 
were first extracted from [54] and the capacitive susceptance was  assumed the 
same value as the input and  output coupling value. Table 7 shows the extracted 
coupling value of the second order filter. 
Table 7 Normalised Coupling Coefficients 
 of the Second Order Filter  
 S 1 2 L 
S 0 1.2247 0 0 
1 1.2247 0 1.6583 0 
2 0 1.6583 0 1.2247 
L 0 0 1.2247 0 
 
The external coupling  is calculated using equation 3.15 and the coupling value 
is 17.38. The filter is then simulated to find its group delay response so that the 
exact gap distance can be determined. The gap distance extracted is 0.5 mm 
and the impedance of the transmission line is 58 Ω, which is extracted from the 
graph of t/b versus { [53], in which the t/b and w/b are 0 and 1.2, respectively. 
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Figure 61 EM Simulated Response of The Asymmetrical Second-Order 
Filter With Capacitive Susceptance 
 
 
The EM simulation result is shown in Figure 61 wherein a return loss of 24.7 dB 
and insertion loss of 0.07 dB were observed at 1.77 GHz. The bandwidth of the 
filter is 102 MHz and two transmission zeros were observed at 2.13 GHz and 
2.25 GHz. The separation of the transmission zeros was due to more than one 
solution available for the transmission zero, where the transmission zero occurs 
when 
sin I + sin & = 0                                         4.6 
where  
I = JIOI¨                                                                   4.7 
and 
82 
 
 
& = J&O&¨                                                                  4.8 
Then, from the sine wave transmission zero equations, two solutions are 
obtained 
JIO& − OI	¨ =                                                           4.9 
And 
J&O& + OI	2¨ =                                                        4.10 
 
For instance, 
Let O& = 7OI,  
Then, putting O& = 7OI into equation 4.9 and 4.10 
JI6OI	¨ =                                                                4.11  
And  
4J&OI	¨ =                                                                  4.12 
Equating 4.11 and 4.12 
JI6OI	¨ = 4J&OI	¨                                                     4.13 
Therefore, 
J& = 1.5JI                                                                4.14 
where the second transmission zero J& occurs at 1.5JI, thus making both 
transmission zeros further apart from each other. From the example given, it can 
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be concluded that there are two solutions obtained from the sine wave equation, 
which separate the location of two transmission zeros. 
 
Figure 62 EM S11 Frequency Response of The Asymmetrical Second-
Order Filter With Capacitive Susceptance Varied 
 
Figure 62 shows the return loss response of the designed filter with the capacitive 
susceptance varied and labelled as ‘s’. In the analysis, the gap distance ‘s’ is 
varied from 4.35 mm to 4.60 mm. Results shows that the bandwidth of the filter 
response increases as the gap distance increases. In other words, as the 
capacitance of the susceptance is increased, the bandwidth of the filter becomes 
larger, thus shifting the resonance further down to the lower frequency. It is also 
observed that dual-mode response can be easily realised whenever there is 
sufficient coupling applied. 
 
84 
 
 
4.2.3 Fourth Order Filter Design 
Fourth order filter with capacitance susceptance to the ground is shown 
in Figure 63. The two rings are identical, which is one wavelength long at 2.08 
GHz, and both rings are located in-between a metal strip with a wall used to 
avoid cross coupling between the two cavities. A small iris is used to let the 
electromagnetic field pass and allow enough coupling between the two rings. 
The size of the filter is 136.5 mm length, 67 mm width and 10 mm height. The 
capacitive susceptances are represented by the gap which was cut from the top 
of the cavity towards near the top of the input transmission lines and the metal 
strip, as shown with the arrows in Figure 63. The side view of the fourth order 
asymmetrical filter is shown in Figure 64. The filter was simulated and optimised 
to get the desired performance, as presented in Figure 65. 
 
Figure 63 Asymmetrical Fourth Order Filter With Capacitive Susceptance 
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Figure 64 Side View of The Fourth Order Filter 
 
Figure 65 EM Simulated Response of The Asymmetrical Fourth Order 
Filter 
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Figure 66 Effect of Varying Iris 
 
 
A return loss of 14.6 dB, insertion loss of 0.33 dB and bandwidth of 130 
MHz was obtained from the simulation outcome. In addition, two transmission 
zeros were observed at 1.96 GHz and 2.46 GHz, which increased the selectivity 
of the filter at the higher side of the passband. Figure 66 illustrates the effect of 
varying the size of the iris to the distance between the two transmission zeros 
while Figure 64 shows the location of the iris, which is located at the wall 
separator. It was observed that the distance of the transmission zeros was 
controlled by the size of the iris. The bigger the size of the iris, the further the 
distance between the two transmission zeros. 
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4.3 Method 2: Controlling the Input / Output Feed Location 
A method of controlling the transmission zeros by adding susceptance 
connected to the ground was explained in detail in the previous sub-topic. 
However, there is another method explored which can also control the 
appearance of the transmission zero location and, hence, improve the selectivity 
of the filter response at the desired guard band. By changing the phase 
difference between the input and output port, the location of the transmission 
zeros appearance can be controlled. Using this method, no notch is needed, as 
the dual mode response is achieved using a suitable input coupling value. 
Additionally, the phase difference does not only control the transmission zero 
location, but also influences the passband response, such as the bandwidth, 
insertion loss and return loss. Therefore, a suitable coupling value must be 
applied at the input and output port so that the desired filter performance can be 
achieved. 
4.3.1 Second Order Filter Design 
A second order filter was designed and simulated with the following 
specifications: 
Table 8 Second Order Filter With Input Feeding Control 
Centre Frequency () 2.16 GHz 
20 dB Bandwidth (BW) 65 MHz 
Return Loss (RL) >20 dB 
Insertion Loss (IL) <0.5 dB 
System Impedance ‘ {’ 50 Ω 
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Transmission Zero Above 
passband 
 
Figure 67 shows the transmission line equivalent circuit for the second order filter 
with input feed control, which was designed at 2.16 GHz. The normalised 
coupling values were calculated from the low pass prototype g values, which 
were taken from [63] and the normalised external couplings are calculated as 
follows: 
©I = Q/QI                                                           4.15 
where Q/ = 1 and QI = 0.4881 
©I = 0.4881                                                        4.16 
Therefore, the coupling bandwidth is 
</I = ª«¬­                                                            4.17 
</I = ®¯ °¦n/.¥±±I                                                      4.18 
</I = 133.17  ²³                                           4.19 
For the external coupling, 
D/I = ´µ¶­·¸¶ 	­·¹¶                                                      4.20 
D/I = 6.22  10e¤                                             4.21 
And  
D/I = 2//I                                                  4.22 
Therefore, 
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/I = º¶­&´!¶                                                        4.23 
/I = 0.4586 K                                              4.24 
Figure 67 shows the transmission line equivalent circuit for a one wavelength 
long second order filter with input feed control where the impedance of the 
transmission lines are extracted from [53]. The electrical length of the first path 
of the transmission line was set to 120°, while the second path was set to 240°. 
The circuit was simulated and optimised until it approached the desired filter 
performance. Figure 68 shows the simulated frequency response of the second-
order designed filter. It was observed that two transmission zeros appeared after 
the passband, one of which is located at 2.16 GHz and the other at 3.16 GHz. 
The insertion loss, return loss and bandwidth obtained are 0.015 dB, 24.57 dB 
and 65 MHz, respectively. 
 
Figure 67 Second Order Filter With Input Feed Control 
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Figure 68 Frequency Response of the Second Order Filter With Input 
Feeding Control 
 
Figure 69 EM Simulation Responses by Varying The Electrical Length of 
the First Path of The Transmission Line 
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Figure 69 shows the frequency response of the designed filter with the 
electrical length of the first path is varied from 60°, 80°, 100° to 120°. From the 
analysis, it was observed that one transmission zero was seen constant at 2.16 
GHz while the other transmission zero location depends on the electrical length 
of the first path of the transmission line. When the electrical length of the first 
path is lower than 90°, the transmission zeros are located at both sides of the 
passband and, when the electrical length is greater than 90°, both transmission 
zeros appear above the passband, thus making the sharp skirt selectivity on the 
higher side. The top view of the designed one wavelength long second order 
filter with input feed control is presented in Figure 70. The electrical length 
between the input and output feed port of the first path is 120°, while the second 
path is 360°-120°=240°. The substrate chosen is Rogers RT/Duroid 5880 with a 
relative dielectric constant = 2.2 and thickness of 0.254 mm.  
 
Figure 70 Top View of the Second Order Filter With Input Feed Control 
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Figure 71 EM Simulated Response of the Second Order Filter With Input 
Feed Control 
 
Figure 71 depicts the EM simulated response of the second order filter with 
input feed control. Two transmission poles are observed within the passband 
with a return loss of 20 dB and insertion loss of 0.12 dB at frequency 2.04 GHz. 
The bandwidth of the filter is 65 MHz and two transmission zeros were observed 
after the passband, which agreed well with the simulation results obtained from 
the transmission line equivalent circuit, as shown in Figure 68. From the 
simulation outcomes, it can be concluded that the transmission zero location 
appearance can be controlled by the electrical length between the input and 
output feed port. 
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4.3.2 Fourth Order Filter Design 
A higher order filter was designed and simulated to observe the effect of 
controlling the input and output feeding port position. A fourth order filter was 
designed and the specifications are as follows: 
Table 9 Fourth Order Filter With Input and Output Feed Control 
Centre Frequency () 2.16 GHz 
20 dB Bandwidth (BW) 50 MHz 
Return Loss (RL) >15 dB 
Insertion Loss (IL) <0.5 dB 
System Impedance ‘ {’ 50 Ω 
Transmission Zero Above 
Passband 
 
Figure 72 shows the transmission line equivalent circuit for a fourth order filter 
with input and output feed control where the impedance of the transmission lines 
are extracted from [53]. The normalised coupling values are calculated from the 
low pass prototype g values, which were taken from [63], and the normalised 
external couplings are calculated using equation 4.15 to 4.24, and the calculated  
C01 is 0.32 pF.  
For the internal coupling, 
»&¤ = I¼·¼½                                                    4.25 
where Q& = 1.2252 and Q¤ = 1.3712 
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»&¤ = 0.7715                                                4.26 
Therefore, the coupling bandwidth is 
<&¤ = »&¤N¡                                               4.27 
<&¤ = 38.58  ²³                                             4.28 
And 
D&¤ = ´¾·½!¶¹¶                                                     4.29 
D&¤ = 1.12  10e¤                                        4.30 
And 
D&¤ = 2/&¤                                             4.31 
Therefore, 
&¤ = 0.08 K                                             4.32 
The length of the transmission line is one wavelength long each and was 
designed at 2.16 GHz. The electrical length of the first path was set to 110°, while 
the second path was set to 250°. The circuit was simulated and tuned until 
obtaining the desired filter performance. 
 
Figure 72 Fourth Order Filter With Input and Output Feed Control 
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Figure 73 Simulated Frequency Response of the Fourth Order Filter With 
Input and Output Feed Control 
 
Figure 73 represents the simulated frequency response of the fourth order 
filter with input and output feed control. Two transmission zeros appeared above 
the passband at 2.16 GHz and 2.78 GHz, thus sharp skirt response was 
achieved. The return loss, insertion loss and bandwidth are 15 dB, 0.02 dB and 
50 MHz, respectively. Figure 74 shows the frequency response of the designed 
filter with electrical length of the first path of the transmission line was varied from 
60° to 120°. It was observed that one transmission zero was located at 2.16 GHz 
while the other transmission zero location depended on the electrical length of 
the first path of the transmission line. For electrical length greater than 90°, both 
transmission zeros are observed after the passband, whereas, for the electrical 
length which is smaller than 90°, one transmission zero is located below the 
passband while another transmission zero is located after the passband. The 
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further the degree away from 90°, the further the distance between the 
transmission zeros. 
 
Figure 74 Simulated Frequency Response with Varied Phase Difference 
 
Figure 75 Top View of Fourth Order Filter With Input and Output Feed 
Control 
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Figure 76 EM Simulated Response of the Fourth Order Filter With Input 
and Output Feed Control 
 
Figure 75 depicts the top view of the fourth order filter with input and output 
feed control. The electrical length of the first path of the ring resonator was set 
to 110° while the second path was set to 250°, which made a total length of 360° 
for each ring resonator. The size of both ring resonators is identical, with a mean 
radius of 22.5 cm. The input and output couplings, as well as the coupling 
between two rings, were determined using the same method as stated in the 
previous chapter. The substrate chosen is Rogers RT/Duroid 5880 with a relative 
dielectric constant = 2.2 and thickness of 0.254 mm. Figure 76 shows the 
frequency response of the designed fourth order asymmetrical filter. The return 
loss, insertion loss and bandwidth obtained are 14 dB, 0.84 dB and 48 MHz, 
respectively. Four transmission poles were observed in the passband while four 
transmission zeros were observed after the passband. The transmission zeros 
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were located at 2.14 GHz, 2.15 GHz, 2.68 GHz and 2.79 GHz. The simulation 
result showed that the location of the transmission zeros can be controlled by 
changing the electrical length between the input and output feed, thus the sharp 
selectivity filter response was achieved at the higher side. 
4.4 Summary 
In this chapter, second order and fourth order dual mode suspended 
substrate stripline filters with controllable transmission zeros were designed and 
simulated. Two methods were studied in this chapter, namely, by using the 
susceptance to the ground and by controlling the input and output feeding 
location. Simulation results showed that both methods work well whereby the 
transmission zeros locations can be controlled successfully and appeared after 
the passband. As a consequence, sharp skirt selectivity filter response was 
achieved. 
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Chapter 5 Conclusions 
5.1 Contributions to dissertation 
In this dissertation, design techniques for dual-mode SSS bandpass filters 
have been investigated. Using this technique, several filters were designed and 
constructed. A ring structure was chosen due to its simplicity to model and 
fabricate. A study on the eigenmode solution and its field distributions was 
carried out using a full-wave electromagnetic (EM) simulator. In the study, it was 
proven that adding a metal post in the middle of the cavity shorted at both end to 
ground improves the first harmonic up to nearly double the fundamental 
frequency. It has also shown that a wider out-of-band rejection is achievable 
when a metal post is applied in the middle of the cavity. 
The ring resonator was then analysed as a two-port network with two 
transmission lines, which were connected in parallel. The two-port network was 
rearranged and analysed as a π network, which can be viewed as an admittance 
inverter. The transmission zero was analysed and calculated using the solution 
obtained from the two-port network equivalent circuit. A second and fourth order 
filter was designed to demonstrate the discussed theory. In the second order 
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designed filter, the ring resonator was one wavelength long with 90° input and 
output feed separation. An inductive notch, which was represented by a semi-
circular cut, was located 135° from both input and output feeding port. The 
analysis on the radius change on the notch had an effect on the mode splitting 
of the degenerate modes. In other words, the radius of the notch controls the 
dual-mode response, as well as the bandwidth of the filter. A good frequency 
response was obtained, which resulted in a good return loss and insertion loss 
value without compromising any other design parameters. In addition, the 
wideband response showed that the first harmonic occurred at nearly double the 
fundamental frequency.  
As for the fourth order filter, two rings were cascaded whereby each ring 
generated a dual-mode response; thus, four reflection zeros were observed in 
the passband. Four transmission zeros were observed, with two below and 
another two above the passband. This is because when the input and output 
ports are at 90° to each other, there were two separate paths existing, with one 
path of λ/4 long and the other 3λ/4 long, which created a 180° phase difference. 
The 180° phase difference naturally creates zero transmission; thus, the skirt 
selectivity was improved. In other words, no cross-coupling configuration is 
needed with this design to achieve a sharp skirt selectivity response. The 
measured frequency response indicated that the dual mode suspended 
substrate stripline filter enables the achievement of low-loss filter response, a 
good spurious, high Q factor as well as high selectivity filter response without 
any cross-coupling connection. 
For the filter with controllable transmission zero, two methods were 
approached. The first method was using susceptance, which was connected to 
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the ground, while the second method was by controlling the input and output 
feeding location. For the first method of adding susceptance to the ground, two 
transmission lines were connected in parallel with one susceptance each, 
connected to the input and output port to the ground, respectively. The two-port 
network was then analysed whereby the susceptance and the shunt impedance 
II/&& were seen as two resonant circuits shunted to the ground, which were 
separated by a π network represented by an admittance inverter. Therefore, the 
resonant circuit, which comprises of susceptance and shunt impedance, 
influenced the passband response. For instance, if a capacitive susceptance was 
applied, the resonance was shifted to lower frequency and the bandwidth of the 
filter response increased; thus, the transmission zeros appeared on the higher 
side of the passband. In contrast, when an inductive susceptance was applied, 
the resonance was shifted to the higher frequency and the bandwidth of the filter 
response also increased; thus, the transmission zeros appeared on the lower 
side of the passband. A second and fourth order filter with capacitive 
susceptances were designed and simulated, showing good frequency responses 
and transmission zeros location above the passbands were obtained, thus 
verifying the theoretical background discussed. 
For the second method, changing the electrical length between the input 
and output port influenced the location of the transmission zeros’ appearance. 
Using this method, no notch was needed, as the dual mode response was 
achieved using a suitable input coupling value. A second order and fourth order 
filter were designed and simulated to demonstrate the ability to control the 
transmission zero location. Simulation results showed that the transmission zero 
appeared above the passband when the electrical length of the first path of the 
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ring was greater than 90°; thus, sharp selectivity was achieved at the higher side 
of the passband. In contrast, when the electrical length was ≤ 90°, the 
transmission zero appeared on both sides of the passband. Therefore, the 
smaller the electrical length, the further the location of transmission zeros from 
each other. 
5.2 Future Development 
A dual-mode suspended substrate stripline filter was studied extensively 
in this dissertation. However, the design of dual mode SSS filter can be further 
extended into dual passband filter which can greatly increase its applications. 
Another possible extension is the investigation of dual mode SSS filter at higher 
frequency, thus make it usable for many other applications. 
In the case of the asymmetrical frequency response filter, it is imperative 
that the designed filter is fabricated to confirm the concept discussed in theory 
and to compare with the simulated results to adjust any fabrication errors that 
may occur. Furthermore, the filter can also be improved by using a different 
technique of coupling to minimise the losses. This might be possible by using a 
direct connection input coupling or other coupling technique at the input and 
output of the ring. Another possible way of designing an asymmetrical frequency 
response filter is by using two different values of characteristic impedance in a 
single ring; thus, the transmission zero location can be controlled
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